PCT 



WORLD INTELLECTUAL PROPERTY ORGANIZATION 
International Bureau 




(51) International Patent Classification ^ : 




(11) International Publication Number: 


WO 97/21537 


B29C 71/04 


Al 


(43) International Publication Date: 


19 June 1997 (19.06.97) 



(21) International Application Number: PCT/EP96/05730 

(22) International Filing Date: 10 December 1996 (10.12.96) 



(30) PrIoHty Data: 

08/570^020 
08/570,019 



11 December 1995 (11.12.95) US 
1 1 December 1 995 ( 1 1 . 1 2,95) US 



(71) Applicant: SHELL INTERNATIONALE RESEARCH 

MAATSCHAPPU B.V. [NUNL]; Carel van Bylandtlaan 
30. NL-2596 HR The Hague (NL). 

(72) Inventors: ASH. CarU Edwin; 119 Wilkins Crossing, Sugar 

Land, TX 77479 (US). MYSORE, Narayana; 7527 Bass- 
wood Forest Court, Houston, TX 77095 (US). 



(81) Designated States: AL, AM. AT, AU, AZ. BA. BB. BG. BR. 
BY CA. CH. CN. CU, CZ. DE. OK. EE, ES, FI, GB. GE. 
HU IL, IS. JP, KE. KG. KP. KR. KZ. LC, LK. LR, LS. 
LT. LU. LV. MD. MG, MK. MN. MW, MX, NO, NZ, PL. 
FT RO, RU. SD, SE. SG. SI. SK, TJ, TM, TR. TT. UA. 
UG. UZ, VN. ARIPO patent (KE, LS. MW. SD, SZ, UG), 
Eurasian patent (AM. AZ. BY. KG. KZ, MD. RU. TJ, TM), 
European patent (AT, BE, CH, DE, DK, ES. FI. FR, GB, 
GR, IE, IT. LU, MC, NL. PT. SE), OAPl patent (BF. BJ. 
CF. CG, CI. CM, OA. ON, ML, MR. NE, SN. TD. TO). 



Published 

With international search report. 

Before the expiration of the time limit for amending the 
claims and to he republished in the event of the receipt of 
amendments. 



(54) Title: CROSS-LINKED POLYKETONES 
(57) Abstract 

A process for cross-linking a polykctone polymer comprising exposing the polykelone polymer to high energy radiation; and a cross- 
linked polyketone which is obtainable by said process. 



FOR THE PURPOSES OF INFORMATION ONLY 



Codes used to identify States party to the PCX on the from pages of pamphlets publishing international 
applications under the PCT. 



AM 


Armenia 


GB 


United Kingdom 


MW 


Malawi 


AT 


Austria 


GE 


Georgia 


MX 


Mexico 


AU 


Australia 


GN 


Guinea 


NE 


Niger 


BB 


Barbados 


GR 


Greece 


NL 


Netherlands 


BE 


Belgium 


HU 


Hungary 


NO 


Norway 


BK 


Burkina Faso 


IE 


Ireland 


NZ 


New Zealand 


BG 


Bulgaria 


IT 


Italy 


PL 


Poland 


BJ 


Benin 


JF 


Japan 


PT 


Portugal 


BK 


Brazil 


KR 


Kenya 


HO 


Romania 


BY 


Belarus 


KG 


Kyrgystan 


RU 


Russian Federation 


CA 


Canada 


KP 


Democratic People's Republic 


SD. 


Sudan 


CK 


Ccniral African Republic 




of Korea 


SE 


Sweden 


CC 


Congo 


KR 


Republic of Korea 


SG 


Singapox 


CU 


Switxerland 


KZ 


Kaz^hslan 


SI 


Slovenia 


CI 


COte d'lvoire 


M 


Liechtenstein 


SK 


Slovakia 


CM 


Cameroon 


LK 


Sri I^ka 


SN 


Senegal 


CN 


China 


LK 


Liberia 


sz 


Swaziland 


CS 


Czechoslovakia 


LT 


Lithuania 


TD 


Chad 


CZ 


Czech Republic 


LU 


Luxembourg 


TG 


Togo 


DE 


Germany 


LV 


Latvia 


TJ 


Tajikistan 


DK 


Denmark 


MC 


Monaco 


TT 


Trinidad and Tobago 


EE 


Estonia 


MD 


Republic of Moldova 


UA 


Ukraine 


ES 


Spain 


MG 


Madagascar 


ilG 


Uganda 


FI 


Finland 


ML 


Mali 


US 


United Siaiex of America 


FR 


France 


MN 


Mongolia 


UZ 


Uzbekistan 


CA 


Gabon 


MR 


Mauritania 


VN 


Viet Nam 



wo 97/21537 



PCT/EP96/05730 



CROSSLINKED POLYKETONES 

This invention relates to polyketone polymers. More 
particularly, this invention relates to crosslinked 
polyketone polymers, their production and their 
application . 

5 Linear alternating polymers of carbon monoxide and 

olefins herein referred to as polyketones or polyketone 
polymers are well known in the art. This class of 
polymers is disclosed in numerous patent documents, such 
as in US-A-4880865 and US-A-481S811 . 

10 Polyketone polymers display a well balanced set of 

mechanical properties which make them particularly useful 
as engineering thermoplastics. The excellent properties 
of polyketones could be further exploited by improving 
the materials so that they exhibit improved tribological 

15 properties. Parts and items made from such improved 

materials would be able to resist wear and to bear 
greater frictional loads when in rolling or sliding 
contact, in particular over extended durations. Such 
properties are generally attained through the addition of 

20 additives. However, it would be beneficial if rhey could 

be attained without the addition of additives to avoid 
other changes in the polyketone properties due to 
additive loading of the polymer matrix. It would also be 
beneficial if other attributes such as thermal 

25 performance, dimensional stability and tensile strength 

could be improved without further loading the polymer 
with additives. 

It is known that polymers containing ketone groups 
degrade according to Norrish type I and/or Norrish 

30 type II scission reactions upon exposure to UV radiation. 

This occurs either in the presence or absence of oxygen. 
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When UV irradiated in the presence of oxygen the 
polyketones undergo significant molecular weight loss 
resulting in a polymer having undesirable properties such 
as brittle behaviour and loss of mechanical strength. 
5 It is known that polyketones can undergo crosslinking 

in the melt. The crosslinked materials so obtained suffer 
from a loss in ductility and toughness, they often 
possess discrete gel particles in the polymer matrix and 
they exhibit a reduced crystallinity and/or a reduced 
10 crystalline melting point. Furthermore, such materials 

are destabilized toward oxidative degradation. in short, 
polyketones which are crosslinked in the melt are not 
particularly desirable e.g. in applications as an 
engineering thermoplastic. Aside from chemical modi- 
fication, substantially crosslinked polyketones which do 
not exhibit such a loss in mechanical properties have not 
yet been produced. 

US-A-3812025 proposes crosslinking by high-energy 
radiation of polyolefins having a small mole fraction of 
ketone groups in the backbone or in side chains, viz. 
generally less than about 10 mole%, in particular less 
than about 5 mole%, calculated on monomer. These ketone 
groups are incorporated by copolymerizing the olefin with 
carbon monoxide or with a vinyl ketone, optionally by 
graft or block copolymerization . Only polymers with a low 
content of ketone groups have been employed because, 
according to US-A-3812025, these polymers have all the 
desired properties of unmodified polyolefins. While the 
possibility of crosslinking polyolefins with up to 
50 mole% ketone groups is also presented, such 
crosslinking would be expected to be accompanied by 
Norrish I/II chain scission reactions. The inventor of 
US-A-3812025 explains in J. A. Slivinskas and 
J.E. Guillet, "Y-Radiolysis of Ketone Polymers", Journal 
35 of Polymer Science, Vol. Ii, 3043-3056 (1973) why this is 
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so. There he states that the photolysis attributable to 
Norrish type I and Norrish type II reactions increases 
with decreasing aliphatic/ketone lengths, i.e. with 
greater content of ketone groups. This view would be in 
5 accordance with the understanding of the degradative 

processes set forth above. Thus, this work suggests that 
irradiated polyketones should undergo simultaneous 
scission and crosslinking resulting in a crosslinked 
material which would not retain ductility, impact and 
10 tensile strength. Any crosslinked material so formed 

would be expected to be comprised of relatively low 
molecular weight fragments. Thus, it can be seen why the 
claims of US-A-3812025 are restricted to crosslinking by 
high-energy radiation of polymers having a large 
15 aliphatic chain length to the ketone portion of the 

polymer molecules . The working examples of the patent 
are drawn to materials having a maximum of less than 
10 mole% ketone groups . 

Thus, the prior art would suggest that by high energy 
20 radiation polyketone polymer would undergo degradation by 

chain scission. It has now surprisingly been found that 
the properties of polyketone polymers can be enhanced 
through curing by high energy radiation and that the 
materials produced by this process are unique in their 
25 properties, such as in enhanced thermal and mechanical 

properties, for example toughness, and in tribological 
characteristics, for example wear. Hence, the products 
are excellently suitable for use in a range of highly 
demanding applications, for example applications where 
30 articles of the radiated polyketones are placed in 

rolling or sliding contact with each other or with other 
articles . 

Accordingly, the invention relates to a process for 
crosslinking a polyketone polymer comprising crosslinking 
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the polyketone polymer by exposure to high energy 
radiation. 

The invention further relates to the crosslinked 
polyketone polymer per se as obtainable by the process of 
5 the invention. The invention also relates to articles of 

manufacture which comprise the crosslinked polyketone of 
this invention and/or which can be obtained by a process 
which includes the process for crosslinking a polyketone 
in accordance with this invention. The processes of this 
10 invention comprise irradiating polyketone polymer at one 

or more points during the processing of the polymer or of 
articles made therefrom. The invention also includes 
compositions comprising a crosslinked polyketone 
according to the invention. 
15 The following terms when used in this specification, 

some of which are tribological terms, shall have the 
following meanings: 

As indicated hereinbefore, polyketones or polyketone 
polymers are linear alternating polymers of carbon 
2 0 monoxide and at least one ethylenically unsaturated 

hydrocarbon. These terms refer to copolymers, ter- 
polymers, quaterpolymers etc. of these monomers. Polymer 
additives well known in the art can be used in con- 
junction with the polyketones. For instance, fillers, 
25 extenders, lubricants, pigments, plasticizers, and other 

polymeric materials can be added to the polyketone 
compositions to improve or otherwise alter the properties 
of the compositions. 

"DCOF" : During relative motion of two surfaces in 
contact the DCOF is the ratio of the resulting frictional 
force to the applied normal force while holding the 
relative surface velocity constant over time. 

"LPV : While holding the relative surface velocity 
constant between two specimens in contact and increasing 
35 the applied normal force in a stepwise manner in time. 
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the LPV is the multiplicative product of the normal 
pressure and surface velocity at the step just prior to 
catastrophic material failure due to thermal softening. 
"Wear K Factor" : As performed on a thrust washer 
5 test apparatus using ASTM D3702 and defined as: 

W 

K (wear factor) = , 

FVT 

where: W = volume wear (m^), F = normal force (N) , 
V = relative surface velocity (m/s) , and T = testing 
time (h) 

"Crosslinking" is the attachment of two or more 
10 polymer molecules at least one point on the backbone of 

each polymer molecule so joined. Crosslinking results in 
an increase in molecular weight . Extensive crosslinking 
results in the formation of a gel which comprises a 
network of polymer chains rendering the gel insoluble in 
15 solvents used for dissolving the uncrosslinked polymer. A 

crosslinked polyketone is typically a polyketone polymer 
which exhibits an increase in the weight average 
molecular weight of at least 10% relative to the poly- 
ketone staring material. Indeed, polyketone polymer 
20 which is already crosslinked to one degree or another can 

be further crosslinked according to the method of this 
invention . 

"Curing" is the treatment of the polyketone polymer 
in accordance with this invention. Herein the polyketone 

25 polymer is crosslinked without an overall loss in useful 

mechanical properties. As indicated hereinafter, cured 
polyketone polymers are distinguished from other 
crosslinked polyketone polymers (e.g. those crosslinked 
in the melt) in their exhibition of substantially no 

30 increase (relative to the uncured material from which it 

was made) in the intensity of emission at 4 90 nm when 
excited with 400 nm light. Typically there is less than 
10% increase in the intensity in emission at 490 nm. 
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"Specific surface area" means the surface area per 
unit mass (m2/g) . it is a relative measure of the amount 
of the volume of a given material which is presented as 
surface area. 

5 The polyketones for use in this invention are linear 

alternating copolymers of carbon monoxide and at least 
one ethylenically unsaturated compound. Thus, the 
polyketone polymers are of a linear alternating structure 
which means that they contain one molecule of carbon 
10 monoxide for each molecule of the ethylenically 

unsaturated compound. Ethylenically unsaturated compounds 
comprise suitably up to 20 carbon atoms and include 
compounds which consist exclusively of carbon and 
hydrogen and compounds which in addition comprise hetero 
atoms, such as unsaturated esters, ethers and amides. 
Unsaturated hydrocarbons are preferred. Examples of 
suitable ethylenically monomers are aliphatic a-olefins, 
such as ethene, propene and butene-l, cyclic olefins such 
as cyclopentene, aromatic compounds, such as styrene and 
cx-methylstyrene and vinyl esters, such as vinyl acetate 
and vinyl propionate. The preferred polyketone polymers 
are linear alternating copolymers of carbon monoxide and 
ethene or linear alternating copolymers of carbon 
monoxide, ethene and another ethylenically unsaturated 
compound of at least 3 carbon atoms, particularly an tx- 
olefin such as propene or butene-l. 

When the preferred polyketone polymers of carbon 
monoxide, ethene and another ethylenically unsaturated 
compound are employed, there will be within the polymer 
typically at least 2 units incorporating a moiety of 
ethene for each unit incorporating a moiety of the other 
ethylenically unsaturated compound (s). Preferably, there 
will be from 10 units to 100 units incorporating a moiety 
of ethene for each unit incorporating a moiety of the 
3 5 other ethylenically unsaturated compound (s) . The polymer 
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chain of preferred polyketone polymers is therefore 
represented by the repeating formula 

— t — CO (-CH2 -CH2-4— ] X- [CO— 4-G) H-y 

where G is the moiety of the ethylenically unsaturated 
compound of at least 3 carbon atoms polymerized through 
5 the ethylenic unsaturation and the ratio of y:x is 

typically no more than 0.5. When linear alternating 
polymers of carbon monoxide and ethene are employed in 
the compositions of the invention, there will be no 
second ethylenically unsaturated compound present and the 

10 polymers are represented by the above formula wherein y 

is zero. When y is other than zero the — CO4CH2— H2->- units 
and the -C04G^ units are found randomly throughout the 
polymer chain, and preferred ratios of y:x are from 0.01 
to 0.1. The precise nature of the end groups does not 

15 appear to influence the properties of the polymer to any 

considerable extent so that the polymers are fairly 
represented by the formula for the polymer chains as 
depicted above. 

The polyketone polymers of number average molecular 

20 weight from 1000 to 200,000, particularly those of number 

average molecular weight from 20,000 to 90,000 as 
determined by gel permeation chromatography are of 
particular interest. A preferred range of the weight 
average molecular weight is from 2000 to 1,000,000, in 

25 particular from 40,000 to 500,000. The physical 

properties of the polymer will depend in part upon the 
molecular weight, whether the polymer is based on a 
single or on a plurality of ethylenically unsaturated 
compounds and on the nature and the proportion of the 
30 ethylenically unsaturated compounds. Typical melting 

points for the polymers are from 175 ""C to 300 "^C, more 
typically from 210 ''C to 270 °C, as determined by 
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differential scanning calorimetry . The polymers have 
typically a limiting viscosity number (LVN) , measured in 
m-cresol at 60 °C in a standard capillary viscosity 
measuring device, from 0.5 dl/g to lo dl/g, more 
typically from 0.8 dl/g to 4 dl/g. 

Preferred methods for the production of the 
polyketone polymers are known from US-A-4808699 and 
US-A-4868282. US-A-4808699 teaches the production of 
polyketone polymers by contacting ethene and carbon 
monoxide in the presence of a catalyst comprising a 
Group VII metal compound, an anion of a nonhydrohalogenic 
acid with a pKa less than 6 and a bidentate phosphorus, 
arsenic or antimony ligand. US-A-4868282 teaches the 
production of polyketone polymers by contacting carbon 
15 monoxide and ethene in the presence of one or more 

hydrocarbons having an ethylenically unsaturated group 
with a similar catalyst. 

In the process of this invention, the degree or depth 
of cure is dependent, in part, on the source and 
intensity of the radiation source. when the material is 
cured by a photon- type source of radiation such as 
y-radiation, the cure can be affected throughout the 
polymer matrix. This is largely due to the penetrating 
nature of the radiation. Surface curing will occur with 
non-penetrating radiation such as an ion beam. Here, the 
type of ion used and the intensity of the bombardment 
will dictate the depth and degree of cure. Lighter ions 
will, of course, create a greater depth of cure than will 
heavier ions. 

As another example, electron beam (e-beam) 
crosslinking is particularly attractive as an industrial 
application. Polymer wires and cables, pellets, 
heatshrink products, roto-moulded parts, blow-moulded 
containers, injected moulded parts, and sheets are all 
35 easily subjected to high energy bombardment in such 
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off-line processes with a minimum impact on other parts 
of the manufacturing process. The process can be nearly 
instantaneous with exposure times measured in seconds. 
One skilled in the art will readily appreciate that the 
5 degree of crosslinking is directly related to the level 

of e-beam exposure and can be readily controlled. 

High energy radiation useful to bring about the cure 
of this invention is any irradiation which occurs with 
energy greater than 10 eV, especially greater than 
10 100 eV, and can be successfully undertaken with 

irradiation which occurs with energy up to 10^ eV . 
Particularly useful is an energy level of 10^-10^ eV. 
Well known sources of such radiation include e-beam. 
X-ray, gamma ray, and ion beams. Preferred sources are 
15 e-beam, gamma radiation, and, when surface curing is 

desired, ion beam. The most preferred source is a gamma 
radiation source such as industrial Co^^ emitters. 

In particular when gamma radiation, such as from a 
Co^^ emitter, is used as the source of irradiation 
20 preferred doses range between 5 Mrad and 2 5 Mrad although 

doses between 1 and 50 Mrad are believed to have a 
beneficial effect . It is most preferred that the dose be 
5-5.6 Mrad. Any rate necessary to apply the doses needed 
for cure may be applied but cure is believed to be most 
25 efficiently affected with the highest rate of irradiation 

possible for the given emitter. The dose and rate of 
irradiation can be significantly lowered with the 
additional use of radiation accelerators known in the art 
such as triallyl cyanurates, ethylene glycol dimetha- 
30 crylate, polyethylene glycol dimethacrylate , and allyl 

methacrylate . Polyketone may be cured with or without 
the presence of other additives such as antioxidants and 
melt stabilizers. No special preparation of the poly- 
ketones is necessary. 
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It has surprisingly been found that tribological 
properties such as LPV and Wear Factors have been 
improved through the practice of this invention. in the 
most preferred embodiment of this invention, the cured 
polyketone polymer displays an LPV which exceeds the 
measurement capacity of commercially available analyzers. 
That is, the LPV is greater than 7000 kPa.m/s 
(200,000 psi.ft/min). Cured polyketone gears, bearings, 
and other parts which are in rolling or sliding contact 
can thus bear greater loads than parts which are not so 
cured . 

High temperature properties of the materials made 
according to this invention are also improved over those 
of the prior art. For example, the heat deflection 
15 temperature (HDT) of a polyketone sample cured by 

exposure to 20 Mrad of gamma radiation was increased to 
100 <'C, whereas a similar uncured polyketone polymer 
sample displayed an HDT of 92 °C. 

It is also believed that long term mechanical 
properties such as, dimensional stability (e.g. creep), 
tensile strength and resistance to fatigue are also 
improved through the practice of this invention as are 
other properties such as barrier properties, elastic 
memory, stress crack resistance, resistance to 
25 plasticization, puncture/tear resistance, and melt 

processability of the polymer. For example, cured 
polyketones made according to this invention should 
exhibit a lower transmission of reagents through the 
polymer matrix and should resist swelling or sorption of 
30 water, alcohol, chlorinated hydrocarbons and the like 

relative to uncured polyketones. 

The cured polyketones of this invention can be used 
to produce snap fit parts, parts for use in load bearing 
applications, and heat shrinkable moulded parts. It 
35 should also be useful in the preparation of parts useful 



20 



wo 97/21537 PCT/EP96/05730 

- 11 - 

in down-hole mining applications such as chemical, wear, 
and heat resistant piping. Sleeves, wire and cable 
jacketing, coatings, connectors, liners, tubes and the 
like can also be made to good effect from this material. 
5 Such parts would have particular utility in the 

electrical, automotive, aerospace, and medical 
industries. Extrusion grade polymers and films can also 
be made from cured polyketones prepared according to this 
invention . 

10 The crossl inked polyketones produced according to 

this invention can be readily distinguished from the melt 
crosslinked materials by characterization according to 
both visible fluorescence observations and fluorescence 
spectroscopy (excitation/emission spectra) . Melt 
15 crosslinked polyketones display visible fluorescence 

under illumination by a mercury vapour lamp while 
polyketones crosslinked by exposure to high energy 
radiation do not. Further, excitation and emission 
spectra for melt crosslinked polyketone is vastly 
20 different from polyketone polymer crosslinked by high 

energy radiation as is set forth in the examples. Such 
characteristic differences can only result from 
differences in chemical structure. Melt crosslinked 
polyketone polymers have a chemical structure comprising 
2 5 a fluorophore species while irradiation cured polyketone 

polymers do not, similar to the polyketone polymer 
starting material from which it was produced . 

It is advantageous to restrict the susceptibility of 
the polyketone polymer to the influence of oxygen to 
30 affect cure properly. Namely, conducting the irradiation 

in the substantial presence of oxygen may result in 
polymer chain scission and thus low molecular weight 
materials are produced. By substantial presence of 
oxygen, it is meant that a significant portion of the 
35 total volume of the polymer is exposed to oxygen. The 
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specific surface area is a measure of the degree of such 
exposure when the polymer is irradiated in air. The 
greater the specific surface area, the greater will be 
the propensity for chain scission. Polyketones having 
specific surface areas of less than 2.1 x 10-3 ^,2 /g will 
undergo predominantly crosslinking while those having 
specific surface areas of at least 0.10 m2/g will undergo 
significant chain scission in the presence of air. It is 
believed that polyketones having specific surface areas 
of as little as 1 X 10-3 crosslink in the 

presence of air. Thus, for irradiation in the presence 
of air it is preferred that the specific surface area of 
the polyketone polymer or an article made thereof is less 
than 0.1 m2/g in particular less than 2.1 x 10-3 rn2 /g , 
15 most in particular less than l x l0-3 tn2/g. Thus, 

cryoground polymer is ordinarily less suitable for 
irradiation crosslinking in the presence of air due to 
the high proportion of polymer volume which would be 
exposed to oxygen. However, strands, most finished 
articles of manufacture such as gears and bearings, stock 
shapes for further machining, sheet, and the like are 
ordinarily well suited for irradiation curing. 

Conducting the process of this invention in a vacuum 
or while blanketing the material or fabricated part with 
an inert gas such as nitrogen or a noble gas can also be 
used to properly attain curing of the polyketone. 

The temperature at which this process is carried out 
does not appear to be important. However, it is 
preferred that it be conducted at temperatures below the 
30 melting point of the polyketone polymer, such as at a 

temperature chosen in the range of 0-170 °C, in 
particular 10-150 °C. Curing through the crosslinking of 
finished parts is one such preferred process. 
Nevertheless, curing can still be conducted above the 
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melting point to produce various useful embodiments of 
the cured material , 

The invention is further illustrated through the 
following non- limiting examples. 

5 BXAf^PLBS 

In each of the examples, properties were determined 
as follows. 

Mechanical Properties were tested using ASTM D638, 
3.18 mm (1/8") thick Type I and Type V tensile bars. 

10 Type I tensile bars were tested at a strain rate of 

50,8 mm (2 inch) per minute with a 114 mm (4.5 inch) grip 
to grip distance. Strain rates of 12.7 mm (0.5 inch) per 
minute and grip to grip distance of 25.4 mm (1.0 inch) 
were used for Type V bars . 

15 The Molecular Weight was determined using a 

GPC system equipped with a Phenomenex Phenogel 
7.8 mm X 30 cm, 5 ^im linear and Phenogel 5 |im, 500 A 
columns connected in series. Hexaf luoroisopropanol was 
used as the solvent with 0.01 M ammonium trif luoroacetate 

20 as modifier. The system was equipped with a refractive 

index detector and a mini -DAWN light scattering detector. 

Tribological Properties were measured using a 
Computer Controlled Mult i -Specimen Test Machine. In this 
testing, a thrustwasher injection moulded from the 

25 material to be tested was spun against a steel stationary 

washer in one direction. Data logging for the following 
parameters was conducted continuously: speed, load, 
temperature, wear, and run time. LPVs, DCOF, and Wear 
Factors were computed from this data logging. 

30 LPV was measured at 0.51 m/s (100 fpm) velocity with 

stepped 4.4 N (10 lb) load increments from 9.1 N (20 lb) 
to specimen failure. Specimen failure is the sudden loss 
of structural integrity at melt softening. Wear tests 
were run at 2.41 MPa (350 psi) load and 0.28 m/s (56 fpm) 

3 5 velocity for 4 hours to seat test specimens which were 
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not irradiated. Specimens which were then irradiated 
(after seating) were run at 0.28 MPa (40 psi) and 
0.25 m/s (50 fptn) for 20 hours on a new stationary washer 
(a 1018 carbon steel with a 16-18 rms finish). The test 
specimen and stationary washer were measured for 
thickness and weight before and after each run. The 
specific gravity of the test specimen was then 
incorporated into the computation of the resulting wear 
factor . 

Heat Deflection Temperatures (HDT) were determined 
using ASTM D648 with a 1.82 MPa (264 psi) load. Melting 
point (Tm) and enthalpy of fusion (AH) were determined"^ 
under nitrogen using a differential scanning calorimeter 
(model 7700) with a ramp rate of 20 °c per minute. 

Unless otherwise stated, irradiation of the materials 
used in the examples was accomplished by subjecting the 
polyketone polymer with a Co60 y-radiation source at a 
rate of 0.28 Mrad/hour. 
Examp1> 1 

2° Neat linear alternating polyketone (terpolymer of 

carbon monoxide, ethylene, and a minor amount of 
propylene) having a melting point of about 220 °C and a 
limiting viscosity number of 1.8 dl/g was prepared. This 
material was blended with 0.2% IRGANOX 1330 (irganox is a 

25 trademark) hindered phenol antioxidant, 0.3% NUCREL 535 

(NUCREL is a trademark) ethylene methacrylic acid 
copolymer and 0.2% calcium hydroxyapatite (all 
percentages are as a weight percent of total weight of 
the mixture) . Tensile bar specimens were prepared from 

30 this material . Specimen A was not subsequently 

irradiated. Specimens B and C were Y-irradiated in air 
with 5.6 Mrad and 20 Mrad, respectively. Various 
mechanical properties and characteristics were measured 
as set forth in Table 1 below. 



wo 97/21537 



PCT/EP96/05730 



- 16 



This example shows that y- irradiation of polyketone 
polymer results in a molecular weight increase and that 
such increase is related to the dosage of radiation 
(network formation occurred at 20 Mrad) . Further, the 
cured polyketones according to this invention maintain or 
improve the excellent tensile strength and ductile 
properties of the polymer, as measured by Notched Izod 
impact testing. High temperature properties are also 
improved. The crystallinity of the polymer is not 
affected by the cure process. 
Exampi o ? 

Neat linear polyketone (terpolymer of carbon 
monoxide, ethylene, and a minor amount of propylene) 
having a melting point of about 220 °C and a limiting 
viscosity number of about 1.8 dl/g was prepared (Mw of 
83,000 with a MWD of 4.3). This material was blended 
with 0.5% IRGANOX 1330 hindered phenol antioxidant in a 
twin screw extruder and forced through a die to yield a 
1.52 mm (60 mil) (diameter) strand. Approximately 
10 grams of the polymer strand was placed in a glass tube 
in the presence of air. The sample thus presented a 
specific surface area of about 2 . l X 10" 3 m2/g . no 
evacuation or blanketing of the atmosphere was conducted. 
The sample was then exposed to 5.6 Mrad of y- radiation. 
The weight average molecular weight (Mw) of the polymer 
was then analyzed and found to be 160,000 with a 
molecular weight distribution (MWD) of 11.3. This 
increase in Mw indicates that curing has occurred. 
Example 1 

The polyketone polymer of Example 2 was cryoground 
into a powder. About 10 grams of the polymer powder was 
placed in a glass tube which was evacuated to reach a 
pressure of 0.4 Pa (3 mtor) . The samples thus presented 
a specific surface area of 0.10 m2/g (as measured by the 
BET method) . The sample was then exposed to 5 . 6 Mrad of 
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y-radiation. The molecular weight (Mw) of the polymer 
was then analyzed and found to be 170.000 with an MWD of 
8.1 indicating that significant curing had occurred. 
Example 4 

5 The polyketone polymer as set forth in Example 1 was 

processed through a tubular blown film line using a 
31.8 mm (1.25 inch) extruder and prepared as a film 
having a thickness of 0.051 mm (2 mil). Four 
10.2x10.2 cm {4X4 inch) specimens were prepared from the 

10 blown film. The first specimen was not irradiated. It 

was analyzed to determined to have a Mw of 79,400. Three 
samples were then placed in an Energy Science 
Incorporated CB 150 Electrocurtain apparatus. The sample 
chamber was purged with nitrogen such that oxygen content 

15 was less than 100 ppm. Specimens were then exposed to 

electron beam irradiation having a voltage of 165 kV. 
The cathode power was 360 W. The specimen exposed to a 
total of 5 Mrad was found to have a Mw of 87,500, the 
specimen exposed to 10 Mrad was found to have a Mw of 

20 141,000, and the specimen exposed to 20 Mrad was found to 

have a Mw of 144,000 (with 20% gels) . 

This example shows that e-beam irradiation of 
polyketone polymer results in the curing of the polymer. 
Example 5 

25 Three different 3.18 mm (1/8 inch) type I tensile 

bars were prepared from the polyketone polymer of 
Example 1. For comparative purposes tensile bar A was 
not irradiated or treated to a further melt heat history. 
Tensile bar B was subjected to 5 . 6 Mrad of y-radiation. 

30 For comparative purposes tensile bar C was placed in a 

3.18 mm (1/8 inch) mould and heated for 20 minutes at 
265 °C in a compression moulder with a clamp pressure of 
70 MPa (10,000 psi) to induce crosslinking in the melt. 
Tensile bar C was then removed from the compression 

35 moulder and cooled to room temperature. 



wo 97/21537 



PCT/EP96/0S730 



18 - 



The tensile bars were then submitted to visible 
fluorescence observations by exposing them to the light 
emitted from an unfiltered hand-held mercury vapour lamp. 
No visible fluorescence was observed in the case of 
Tensile bars A and B. A bright yellow fluorescence was 
observed in Tensile bar C, the melt crosslinked sample. 

Further fluorescence specrotophotometric 
characterization was undertaken by studying the 
excitation and emission spectra of the solid materials at 
23 °C with a MPF-66 spectrophotometer. Tensile bars A and 
B showed only faint fluorescent emissions at 490 nm 
(relative intensity of 0.04) after excitation with light 
of 400 nm while Tensile bar C showed one broad, intense 
peak centered at 490 nm (relative intensity of 1.04). 

This example illustrates that the cured polyketone 
according to this invention has different molecular 
structure from the melt crosslinked polyketone. 
Examr>lf> 

Polyketone polymers prepared in accordance with 
Example 1 were injection moulded into thrust washers for 
tribological testing. Comparative specimen A was not 
subsequently exposed to radiation. Specimen B was 
irradiated with 5.6 Mrad of y- radiation and Specimen C 
was irradiated with 20 Mrad of y-radiation. Tribological 
properties were as follows: 

Specimen A: LPV=1120 kPa.m/s (32,000 psi.ft/min), 
Specimen B: LPV>7000 kPa.m/s {> 200,000 psi.ft/min) 

(exceeds capacity of instrumentation) , 

Specimen C: LPV>7000 kPa.m/s (>200,000 psi.ft/min) 

(exceeds capacity of instrumentation) . 

This example illustrates the significant improvement 
in tribological properties exhibited in polyketone 
polymers cured according to this invention. Typical 
additive blends of polyketones prepared expressly for 
tribological applications have been found to have LPVs of 
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1860-1930 kPa.m/s (53,000-55,000 psi . f t /min) . Thus it can 
be seen that there is a substantial improvement in 
tribological properties of polyketones subjected to the 
curing process of this invention. This improvement was 
not expected and makes articles produced according to 
this invention especially well suited for applications in 
which they are to be placed in rolling or sliding contact 
with another article. Gears, bearings, cams, followers, 
sprockets; washers, vessel liners, bushings, pulleys, 
sliding plates and many other like articles would benefit 
from the curing process. 
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1. A process for crosslinking a polyketone polymer 
comprising exposing the polyketone polymer to high energy 
radiation. 

2. A process as claimed in claim l, characterized in 
that the polyketone polymer is a linear alternating 
copolymer of carbon monoxide with ethene and optionally 
another olefinically unsaturated compound of at least 

3 carbon atoms. 

3. The process as claimed in claim 1 or 2 . characterized 
in that the polyketone polymer has a specific surface 
area of less than 2.1 X 10-3 m^/g. 

4. A process is claimed in claim 1 or 2 , characterized 
in that the process is conducted in an inert atmosphere. 

5. A process as claimed in any of claims 1-4, 
characterized in that the high energy radiation is 
y-radiation . 

6. A process as claimed in any of claims 1-5, 
characterized in that the high energy radiation is 
electron beam radiation, ion beam radiation. X-ray 
radiation or, in particular, gamma radiation. 

7. A process as claimed in any of claims 1-6, 
characterized in that the dose of radiation is between l 
and 50 Mrad, in particular between 5 and 20 Mrad. 

8. A process as claimed in any of claims 1-6, 
characterized in that an increase of the weight average 
molecular weight of the polyketone of at least 10%, in 
particular of at least 100% is effected. 

9. A crosslinked polyketone polymer, characterized in 
that it is obtainable by a process as claimed in any of 

30 claims 1-8. 
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10. An article of manufacture, characterized in that i 
comprises a crosslinked polyketone as claimed in claim 

11. An article of manufacture, characterized in that i 
is obtainable by a process which includes a process as 
claimed in any of claims 1-8. 
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